Local cerebral blood flow (CBF) during three types of profound hypotension were compared using the quantitative autoradiographic [14]-C iodo-antipyrine method. Rats were rendered hypotensive to a mean arterial pressure of 30 mm Hg for 30 min by haemorrhage, trimetaphan or nitroprusside during 0.8% halothane anaesthesia. During haemorrhagic hypotension, mean local CBF was reduced significantly in all except two pontine regions. This reduction in flow ranged from 83% to 41 % compared with the normotensive control group, with the neocortex and telencephalon most affected. During trimetaphan-induced hypotension, local CBF was reduced to the same degree and in the same pattern as that during haemorrhagic hypotension. In contrast, during nitroprussideinduced hypotension, local CBF in many regions of the brain was well maintained (57-101%); although local CBF was significantly below control in all cortical and telencephalic regions, it was significantly greater in the majority of these regions than in the other two hypotensive groups. We conclude that local CBF was significantly reduced in the neocortex and telencephalon by hypotension of this degree induced by all three methods, but nitroprusside preserved local CBF significantly better than the other methods, in these, as in most other regions. (Br. J. Anaesth. 1995; 74: 686-690) 
Induced hypotension is used clinically with various hypotensive drugs. The basic knowledge of the effects of hypotension on cerebral blood flow (CBF) was provided by McDowall and colleagues [1] [2] [3] [4] who showed that CBF was maintained better during nitroprusside-induced hypotension than that induced with trimetaphan or haemorrhage. As a result it was believed that cerebral cortical activity in clinical practice could be better preserved with nitroprusside-induced hypotension. However, these results were obtained mainly from the cerebral cortex and it was suspected that nitroprusside might cause maldistribution of CBF during profound hypotension which might be responsible for some regional metabolic derangement [5] in other parts of the brain.
Regional distribution of CBF during several types of hypotension has been examined separately at different arterial pressures with various methods . So far the different types of induced hypotension have not been compared for their effects on the distributions of CBF at a critical arterial pressure. The present study was designed to measure local CBF with [14] -C iodo-antipyrine (IAP) [9] during profound hypotension to a mean arterial pressure (MAP) of 30 mm Hg using nitroprusside, trimetaphan or haemorrhage.
Materials and methods
Twenty-four Wistar rats, weighing 280-400 g, were anaesthetized in a plastic box using 2.5-3.0% halodiane and 50% nitrous oxide in oxygen. A tracheostomy tube was inserted and ventilation was controlled with the aid of intermittent injections of pancuronium O.lmgkg" 1 . Anaesthesia was maintained with 1.0-1.5% halothane and 50% nitrous oxide in oxygen. Femoral arteries and veins and an axillary artery and vein were cannulated for pressure monitoring, withdrawal of arterial blood and infusion of drugs.
After surgical preparation, nitrous oxide was replaced with nitrogen and the inspired halothane concentration was reduced to 0.8% in 30-50% oxygen for at least 30 min for stabilization. A bipolar electroencephalograph (EEG) was recorded from the parieto-occipital region. Rectal temperature was maintained at 37-38 °C with a heating lamp. Arterial pressure was monitored with zero reference at the level of the external auditory canal. MAP was an average of seven points each sampled every 10 s during local CBF measurement, that is over a 1-min period. Arterial blood-gas tensions were measured every 30 min. Paco 3 was maintained within 0.5 kPa of control values and Pa <>1 was maintained above 19 kPa.
The animals were allocated randomly to one of four groups. Hypotension was induced by haem-orrhage, trimetaphan or nitroprusside combined with beta adrenergic block using practolol, 0.2 mg kg" 1 i.v. Haemorrhagic hypotension was achieved by withdrawal of arterial blood. The total amount of blood removed was mean 10.4 (SD 1.4) ml. The trimetaphan group received trimetaphan (0.1 % solution) to a maximum dose of 10 mg kg" 1 and the nitroprusside group received nitroprusside (0.01 % solution) to a maximum dose of 1 mg kg" 1 . Arterial pressure was lowered at a rate not exceeding 5 mm Hg min~l to an MAP of 28-30 mm Hg. This was accomplished in 15-20 min and then MAP was maintained for 30 min until the end of the study. In the trimetaphan and nitroprusside groups it was also necessary to withdraw arterial blood when the maximum dose of hypotensive drug had been given. The total amount of blood removed was 5.5 (0.6) ml in the trimetaphan group and 5.5 (1.4) ml in the nitroprusside group. This was the standard design so as to keep the doses of trimetaphan and nitroprusside the same and to adjust the degree of hypotension by removing blood. The control group of rats received neither drug nor blood removal and was exposed to 0.8% halothane for the same duration as the hypotensive groups. Physiological variables, except MAP, were taken immediately before measurement of CBF.
Local CBF was measured by the method of Sakurada and colleagues [9] . Briefly, IAP 75 uCi kg" 1 (specific activity 50-55 uCi ml" 1 , Amersham, USA), dissolved in 0.5 ml of saline, was given through the axillary vein as a constant infusion over 60 s while 13-16 arterial blood samples were collected from the arterial catheter into 0.5-ml capillary tubes. Each local CBF measurement was made after a sustained period of hypotension of 30 min. At the end of these measurements, the rat was decapitated instantly and the brain was frozen in isopentane, chilled to -60 °C. Brain tissue was sectioned to 20-um thickness at -22 °C in a cryostat and dried on a hot plate at 50 °C. The brain sections were exposed to an x-ray film (Kodak AR or Kodak SB-5, USA) with [14] -C standards for 10 days. The [14] -C radioactivity in arterial blood samples was measured by a liquid scintillation counter (Packard TRI-CARB 4530, Meriden, CT, USA) using the external standard method.
Local tissue concentration of the tracer was measured on the autoradiogram with the computerassisted microdensitometer (UHG, Unique Medical, Tokyo). Each discrete brain region was identified according to the atlas of Konig and Klippel [10] and Craigie's Neuroanatomy [11] . Local CBF at every region was calculated according to the equation described by Sakurada and colleagues [9] .
Statistical differences were tested by one-way analysis of variance with the least difference test for multiple comparisons [12] . P < 0.05 was considered to be statistically significant.
Results
There was no statistically significant difference in P2LQ 2 , Paco^ packed cell volume or rectal temperature between the groups (table 1). The combination of blood removal and hypotension caused acidaemia (pH 7.1-7.2) in all hypotensive groups. After 15 min of hypotension, EEG activity in the nitroprusside group was well maintained compared with that in the haemorrhagic or trimetaphan groups. In contrast, after 30 min the EEG in the three hypotensive groups showed consistently slow-wave activity (5-7 Hz) with high amplitude waves (70-150 uV) ( fig. 1) .
Mean local CBF values in 37 discrete brain regions in the control group differed among the structures, from the lowest values of 59 ml 100 g" 1 min" 1 in the corpus callosum to the highest values of 205 m 100 g" 1 min" 1 in the inferior colliculus (table 2) . During haemorrhagic hypotension, local CBF of the neocortex and telencephalon was lowered to 41-60% of control. Among the neocortices, the (7) 154 (14) 141 (11) 165 (10) 138 (10) 156 (8) 59 (3) 91 (6) 175 (16) 78 (4) 131 (6) 115 (6) 158 (8) 155 (8) 160 (10) 93 (2) 165 (13) 168 (16) 158 (12) 156 (12) 140 (9) 109 (8) 153 (13) 186 (11) 62 (3) 122 (10) 143 (12) 154 (10) 205 (27) 107 (4) 101 (8) 143 (14) 183 (19) 191 (17) 180 (9) 139 (13) 132 (8) 134 (10) (14) 156 (10) 123 (12) 133 (18)+ parietal cortex showed the lowest value for local CBF (41 % of control). The mean reduction in flow to the neocortex was 48% of control and to the telencephalon 54% of control. Local CBF in the mesencephalon, pons and medulla was relatively maintained at 62-83 % of control. During trimetaphan hypotension, local CBF in all structures of the brain was not significantly different from that during haemorrhagic hypotension. The mean reduction in flow to the neocortex was 44 % of control and to the telencephalon 47 % of control.
In contrast with the above two groups, during nitroprusside hypotension local CBF was well maintained in most regions of the brain. However, the neocortex and telencephalon showed a significant reduction in local CBF to 57-82 % of control. The mean reduction in flow to the neocortex was 64 % of control and to the telencephalon 69% of control. While flow to the neocortex and telencephalon was significantly reduced compared with control, it was significantly greater with nitroprusside than in the other two groups.
The percentage changes in local CBF from control at selected regions were demonstrated diagrammatically ( fig. 2) . The shapes of the diagrams were similar in the three hypotensive groups and the reduction in local CBF in the neocortex and telencephalon occurred irrespective of how hypotension was induced.
Discussion
The absolute values for local CBF during 0.8% halothane anaesthesia were comparable with previous results obtained during 0.5 % halothane widi 70% nitrous oxide anaesthesia [13] . The distribution of local CBF in the brain correlated well with that of local cerebral glucose utilization [14, 15] .
Local cerebral blood flow was reduced significantly in most of the brain regions in the haem- ), trimetaphan-(-) or nitroprusside ( ) induced hypotension. Significant differences (P < 0.05) compared with: * control group; t hypertensive groups.
orrhagic and trimetaphan groups (table 2, fig. 2 ), especially in the neocortex and telencephalon (by 40-60% of control). In contrast, nitroprusside maintained local CBF at 64% of control in the neocortex and at 69 % of control in the telencephalon. These results in the cortex or hemisphere agree with previous reports in which CBF was measured by [85]-Kr or by the direct venous outflow technique [1, 2, 4, 5] .
The reduction in local CBF in the neocortex and telencephalon, which was distinguished in the three different hypotensive techniques, is well recognized as the boundary zone or watershed area of CBF [16, 17] . However, Gamache, Myers and Monell [6] reported that there was no region in the brain which was particularly sensitive to hypotension at an MAP of 25 mm Hg induced by trimetaphan. On the other hand, Miletich and colleagues [7] showed that most reduction of CBF was found in the cortical white matter at an MAP of 40-50 mm Hg produced by trimetaphan and by nitroprusside. These discrepancies may be caused by differences in the method of hypotension, the hypotensive level, or both. In the above two reports, the hypotensive drugs, trimetaphan and nitroprusside, were used in particularly large doses.
The method of hypotension was designed carefully in our study in order to avoid doses of trimetaphan and nitroprusside which might seriously derange brain metabolism and hence cause inappropriate changes in local CBF [5, 18] . Beta block and about 20 % withdrawal of blood in our model have been reported not to affect CBF [17, 19] . The effect of the combined two interventions would be minimal, as local CBF during haemorrhagic hypotension with beta block in this study was compatible with that reported during haemorrhagic hypotension without beta block [8] .
As for the hypotensive level, Brierly and colleagues [20] stressed that the dog can survive a period of haemorrhagic hypotension above 35-40 mm Hg, but not hypotension to an MAP value of less than 25 mm Hg. Therefore, hypotension to an MAP of 30mmHg is thought to be critical [4] . More recently, Mendelow and co-workers [8, 21] reported that haemorrhagic hypotension to an MAP of 40-50 mm Hg produced no change in local CBF, however, a significant reduction in local CBF in the cortex was found at an MAP of 30 mm Hg. It was concluded that a critical arterial pressure with an MAP of approximately 30 mm Hg during haemorrhage or trimetaphan-induced hypotension could cause a significantly uneven reduction in local CBF in the brain, especially in the cerebral cortex and telencephalon.
Michenfelder and Theye [5] reported that cerebral metabolic derangement occurred during nitroprusside hypotension at an MAP of 40 mm Hg, although the dose was limited to the non-toxic range and they suspected that nitroprusside could cause maldistribution of local CBF. In the present study, administration of nitroprusside and trimetaphan was limited to the non-toxic range, and the three hypotensive techniques produced a similar uneven reduction in local CBF. The maldistribution of local CBF, which may imply the heterogeneous distribution of CBF uncoupled with local metabolism, could not be identified with local CBF measurement alone in this study. However, as EEG activity during nitroprusside hypotension could not be maintained after 30 min of insult even with relatively high local CBF, it was concluded that nitroprusside may cause an insidious metabolic derangement even with the recommended dose when arterial pressure is reduced to the critical level.
It is not easy to relate these findings to humans where the major concern is the preservation of normal cognitive function, which cannot be examined in animal studies. The combination of blood loss and pharmacological action may also differ from clinical applications. Clearly there is a need for further studies using isoflurane or propofol and we have begun to examine the role of propofol [22, 23] .
In summary, nitroprusside maintained local cerebral blood flow in most of the brain regions during profound hypotension better than haemorrhage or trimetaphan, however, the pattern of CBF distribution was very similar even though profound hypotension was induced with different techniques.
